Mammalian reoviruses display serotype-specific patterns of tropism and disease in the murine central nervous system (CNS) attributable to polymorphisms in viral attachment protein 1. While all reovirus serotypes use junctional adhesion molecule-A as a cellular receptor, they differ in their utilization of carbohydrate coreceptors. This observation raises the possibility that carbohydrate binding by 1 influences reovirus pathology in the CNS. In this study, we sought to define the function of carbohydrate binding in reovirus neuropathogenesis. Newborn mice were inoculated intramuscularly with wild-type strain type 3 Dearing (T3D) and T3D-1R202W, a point mutant T3D derivative that does not bind sialic acid (SA). Infected mice were monitored for survival, and viral loads at the sites of primary and secondary replication were quantified. Fewer mice inoculated with the wild-type virus survived in comparison to those inoculated with the mutant virus. The wild-type virus also produced higher titers in the spinal cord and brain at late times postinoculation but lower titers in the liver in comparison to those produced by the mutant virus. In addition, the wild-type virus was more virulent and produced higher titers in the brain than the mutant following intracranial inoculation. These animal infectivity studies suggest that T3D-1R202W harbors a defect in neural growth. Concordantly, compared with the wild-type virus, the mutant virus displayed a decreased capacity to infect and replicate in primary cultures of cortical neurons, a property dependent on cell surface SA. These results suggest that SA binding enhances the kinetics of reovirus replication in neural tissues and highlight a functional role for sialylated glycans as reovirus coreceptors in the CNS.
A ttachment to specific cell surface molecules is the initial step in viral infection. As such, receptor engagement can influence many aspects of viral pathogenesis, perhaps most prominently systemic dissemination and tropism for distinct host cells and tissues. Tropism of human immunodeficiency virus (HIV) (27) , poliovirus (32) , and severe acute respiratory syndrome (SARS) coronavirus (15) , among others, is strongly influenced by the capacity of the virus to bind specific receptors. Infection of discrete regions within the central nervous system (CNS) by strains of adeno-associated virus (AAV) is dependent on carbohydratebinding specificity. AAV4 infects ependymal cells and utilizes ␣(2,3)-linked sialic acid (SA) as a receptor. In contrast, AAV5 uses both ␣(2,3)-and ␣(2,6)-linked SA to infect neurons (22) . While much is known about the importance of these receptor-mediated functions in viral spread and tropism, the precise mechanisms by which receptor utilization regulates viral infection in the CNS are not fully understood.
Mammalian orthoreoviruses (reoviruses), members of the Reoviridae, are nonenveloped viruses comprising two concentric protein shells that enclose the 10 segments of the viral doublestranded RNA genome (37) . These viruses are genetically tractable tools for use in studies of virus-receptor interactions and viral pathogenesis. In neonatal mice, reovirus serotypes 1 and 3 disseminate from sites of primary replication to the CNS. However, tropism for neural cells and resulting disease outcomes vary in a serotype-specific manner. Type 1 reovirus strains spread to the CNS via hematogenous routes and infect ependymal cells in the brain, which leads to a nonlethal hydrocephalus (40, 43, 44) . In contrast, type 3 reovirus strains spread to the CNS using neural and hematogenous routes and target neurons in the brain, which results in lethal encephalitis (1, 6, 28, 40) . These serotype-specific differences in tropism and disease segregate genetically with the viral S1 gene (43, 44) , which encodes attachment protein 1 (26, 45) and nonstructural protein 1s (9, 17, 35) . Both S1 gene products influence reovirus pathogenesis (1, (5) (6) (7) 23) , with the 1 protein thought to target the virus to discrete cell types in the CNS (14, 39) .
Reovirus attachment protein 1 is a filamentous trimer with three discrete domains: the tail, the body, and the head (11, 19, 31) . Residues 1 to 160 encompass the tail domain, which inserts into the virion capsid (11, 20) . This region of the molecule is predicted to form an ␣-helical coiled coil (16, 29) . The body domain encompasses residues 170 to 309 and comprises a ␤-spiral repeat motif interrupted by a short ␣-helical coiled coil (31) . The globular head domain incorporates residues 310 to 455 and folds into an 8-stranded ␤-barrel (11, 24, 36) .
Receptors for reoviruses are engaged by a multistep adhesionstrengthening process in which 1 first binds to an abundant cell surface carbohydrate with low affinity (3), which is followed by high-affinity interactions with junctional adhesion molecule-A (JAM-A) (2, 4) . Sequences in the 1 body domain mediate SA binding by type 3 strains (10, 31) , whereas sequences in the 1 head domain engage JAM-A (24) . Interactions between 1 and SA involve residues at the N-terminal portion of the body domain, between ␤-spiral repeats 2 and 3, where the SA moiety docks into a shallow pocket that is formed mainly by residues in the third ␤-spiral repeat (31) .
While all reovirus serotypes engage JAM-A (8, 30) , they differ in carbohydrate coreceptor utilization, suggesting that carbohydrate binding by 1 influences reovirus pathology in the CNS. Studies in newborn mice comparing the pathogenesis of reovirus strains that differ in glycan utilization revealed that SA binding enhances spread from the intestine to peripheral sites of replication such as the liver, spleen, and brain (5) . In addition, the capacity to bind SA confers reovirus tropism for bile duct epithelia (5) . However, it is not known whether SA binding influences reovirus dissemination, tropism, and replication within the CNS.
In this study, we sought to define the function of carbohydrate binding in the neuropathogenesis of reovirus. We monitored the survival of newborn mice inoculated with wild-type type 3 Dearing (T3D) and T3D-1R202W, a T3D point mutant virus that does not bind SA (31) , and quantified the viral loads in various organs of infected animals. We found that the wild-type virus was more virulent and produced higher titers in neural tissues than the mutant virus following intramuscular or intracranial inoculation. Furthermore, we found that the wild-type virus displayed an increased capacity to infect and replicate in primary cultures of cortical neurons in an SA-dependent manner. Collectively, these results suggest that binding to SA enhances the kinetics of reovirus replication in neural tissues and point to a functional role for sialylated glycan engagement in reovirus neurovirulence. (34) were maintained in Joklik's minimum essential medium supplemented to contain 5% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml of penicillin, 100 g/ml of streptomycin, and 25 ng/ml of amphotericin B (Invitrogen).
MATERIALS AND METHODS

Cells and viruses. L929 cells
Strains T3D (25) and T3D-1R202W (31) were generated by plasmidbased reverse genetics. Purified reovirus virions were obtained using second-or third-passage L929 cell lysate stocks of twice-plaque-purified reovirus, as described previously (20) . Viral particles were Freon extracted from infected cell lysates, layered onto 1.2 to 1.4 g/cm 3 CsCl gradients, and centrifuged at 62,000 ϫ g for 18 h. Bands corresponding to virions (1.36 g/cm 3 ) (38) were collected and dialyzed in virion storage buffer (150 mM NaCl, 15 mM MgCl 2 , 10 mM Tris-HCl [pH 7.4]). The concentration of reovirus virions in purified preparations was determined from an equivalence of 1 optical density (OD) unit at 260 nm equaling 2.1 ϫ 10 12 virions (38) . The viral titers were determined by plaque assay using L929 cells (42) . The average particle-to-PFU ratios for T3D and T3D-1R202W were 893 (n ϭ 4) and 1,050 (n ϭ 5), respectively. These values do not differ statistically.
Infection of mice. C57BL/6J mice were obtained from the Jackson Laboratory to establish breeding colonies. At 2 to 3 days of age, newborn mice were inoculated intramuscularly or intracranially with purified reovirus diluted in phosphate-buffered saline (PBS). Intramuscular (IM) inoculations (5 l) were delivered into the right hind limb, and intracranial (IC) inoculations (5 l) were delivered into the left cerebral hemisphere; in both cases, Hamilton syringes with 30-gauge needles were used. For the analysis of viral virulence, the mice were monitored for clinical signs of disease for 21 days postinoculation. For survival experiments, mice were euthanized when found to be moribund (defined by rapid or shallow breathing, lethargy, or paralysis). Death was not used as an endpoint. For the analysis of virus replication, mice were euthanized at various intervals following inoculation, and their organs were collected into 1 ml of PBS and homogenized by freezing, thawing, and sonicating. For the analysis of viremia, mice were euthanized and decapitated at various intervals following inoculation, and whole blood was collected from their necks into a 1-ml syringe containing 100 l Alsever's solution (Sigma). The viral titers in organ homogenates were determined by plaque assay using L929 cells (42) .
For experiments in which viral titers in an organ or blood were determined, the Mann-Whitney test was used to calculate two-tailed P values. This test is appropriate for experimental data that display a non-Gaussian distribution (33) . P values of less than 0.05 were considered statistically significant. When all values are less than the limit of detection, a MannWhitney test P value cannot be calculated. Statistical analyses were performed using Prism software (GraphPad Software, Inc.).
All animal husbandry and experimental procedures were performed in accordance with Public Health Service policy and approved by the Vanderbilt University School of Medicine Institutional Animal Care and Use Committee.
Histology and immunohistochemical staining for reovirus antigen. At 2 to 3 days of age, newborn mice were inoculated intramuscularly or intracranially with reovirus diluted in PBS. The mice were euthanized 8 days postinoculation, and their organs were resected and incubated in 10% formalin at room temperature for 24 to 48 h. Fixed organs were embedded in paraffin, and consecutive 6-mm sections were stained with hematoxylin and eosin (H&E) for the evaluation of histopathologic changes or processed for immunohistochemical detection of reovirus proteins (5) or the activated form of caspase-3 (Cell Signaling Technology, Inc.) (12) .
Quantification of viral RNA using RT-qPCR. Total RNA was extracted from 200 l of whole blood-Alsever's mixture using the High Pure Viral RNA kit (Roche). RNA was eluted into a final volume of 40 l. Reverse transcription-quantitative PCR (RT-qPCR) was performed using an ABI 7000 sequence detection system (Applied Biosystems) and EZ RT-PCR (Roche) according to the manufacturer's instructions with minor modifications. Reovirus RNA was quantified using 10 l of RNA extract. Forward (S4 83F, 5=-CGCTTTTGAAGGTCGTGTATCA-3=) and reverse (S4 153R, 5=-CTGGCTGTGCTGAGATTGTTTT-3=) primers corresponding to the viral S4 gene were used for RT and qPCR amplification. The S4-specific fluorogenic probe used was 5=-dFAM-AGCGCG CAAGAGGGATGGGA-BHQ-1 (where dFAM is 6-carboxyfluorescein and BHQ is black hole quencher) to 3= (Biosearch Technologies). RT was performed at 50°C for 2 min, followed by incubation at 60°C for 30 min. The reaction was terminated by incubation at 95°C for 5 min. Subsequently, 40 cycles of qPCR were performed at 95°C for 15 s, followed by incubation at 60°C for 30 s. Standard curves relating threshold cycle values to copies of plasmid DNA template were generated using 10-fold dilutions of a T3D S4-encoding plasmid (pT7-T3D S4) (25) . The concentration of viral RNA in each sample was extrapolated from standard curves. The final S4 RNA copy number was calculated by multiplying the copy number obtained by extrapolation from the standard curve by 4 to account for using one-quarter of the extracted RNA as a template.
Preparation of cortical neuron cultures from embryonic mice. Primary cultures of mouse cortical neurons were established using the cerebral cortices of C57/BL6 embryos at developmental day 15.5 (1). Fetuses were decapitated, the brains were removed, and the cortical lobes were dissected and submerged in Hanks' balanced salt solution (Gibco) on ice. The cortices were incubated in 0.6 mg/ml trypsin solution at room temperature for 30 min, washed twice, and manually dissociated twice using a Pasteur pipette. Viable cells were plated at a density of 2.5 ϫ 10 5 cells/ml in 24-well plates. The wells were treated prior to plating with a 10 g/ml poly-D-lysine solution (BD Biosciences) and a 1.64 g/ml laminin solution (BD Biosciences). Cultures were incubated for the first 24 h in Neurobasal medium (Gibco) supplemented to contain 10% FBS (Gibco), 0.6 mM L-glutamine, 50 U/ml penicillin, and 50 g/ml streptomycin. Cultures were thereafter maintained in Neurobasal medium supplemented to contain B27 supplement (Gibco), 50 U/ml penicillin, and 50 g/ml streptomycin. One-half of the medium was replaced with fresh medium every 3 to 4 days. Neurons were cultivated for 7 days prior to use.
Assessment of reovirus infectivity by indirect immunofluorescence. Monolayers of murine cortical neurons (2.5 ϫ 10 5 cells/well) seeded in 24-well plates were adsorbed with reovirus at a multiplicity of infection (MOI) of 1,000 PFU/cell at room temperature for 1 h. Cells were incu-bated with either PBS or 40 mU Arthrobacter ureafaciens neuraminidase at 37°C for 1 h and washed three times with PBS prior to virus adsorption. Following removal of the virus inoculum, the cells were washed with PBS and incubated in complete medium at 37°C for 21 h to permit completion of a single cycle of viral replication. Monolayers were fixed with 1 ml of methanol at Ϫ20°C for at least 30 min, washed twice with PBS, and blocked with 0.1% Tween 20 (Sigma) and 20% normal goat serum (Vector Laboratories) in PBS. The cells were washed once with PBS and stained with polyclonal rabbit anti-reovirus serum at a 1:1,000 dilution in PBS-0.5% Triton X-100 at room temperature for 1 h. Neurons were visualized after washing three times with PBS and staining with a monoclonal mouse anti-␤-tubulin antibody (TUJ1; Covance) at a 1:1,000 dilution in PBS-0.5% Triton X-100 at room temperature for 1 h. Monolayers were washed twice with PBS-0.5% Triton X-100 and incubated with a 1:1,000 dilution of Alexa 488-labeled anti-rabbit and Alexa 546-labeled anti-mouse IgG (Invitrogen). Nuclei were stained with 4=,6-diamidino-2-phenylindole (DAPI) (Invitrogen) at a 1:10,000 dilution. Monolayers were washed with PBS, and infected cells were visualized by indirect immunofluorescence using an Axiovert 200 fluorescence microscope (Carl Zeiss).
Assessment of reovirus replication by plaque assay. Murine primary cortical neurons (10 5 cells/well) were adsorbed with reovirus strains at an MOI of 1 PFU/cell. Cells were incubated with either PBS or 40 mU A. ureafaciens neuraminidase at 37°C for 1 h and washed three times with PBS prior to virus adsorption. Following incubation with the virus at room temperature for 1 h, the cells were washed three times with PBS and incubated at 37°C for various intervals. Samples were frozen and thawed twice, and viral titers were determined by plaque assay using L929 cells (42) . For each experiment, the samples were infected in triplicate. The viral yields were calculated according to the following formula: log 10 yield t x ϭ log 10 (PFU/ml) t x Ϫ log 10 (PFU/ml) t 0 , where t x is the time postinfection. The mean values from two independent experiments were compared using an unpaired Student's t test (applied in Microsoft Excel). P values of less than 0.05 were considered statistically significant.
RESULTS
SA binding enhances reovirus neurovirulence and spinal cord injury.
To determine whether SA binding influences reovirus neuropathogenesis, we monitored survival and clinical signs of disease in 2-day-old mice following IM inoculation with 5 ϫ 10 6 PFU of either wild-type T3D or mutant T3D-1R202W (Fig. 1A) . Reovirus strain T3D-1R202W contains a point mutation in 1 that ablates the SA-binding capacity (31) . Mice were observed for 21 days after inoculation and euthanized when found to be moribund. Significantly fewer mice infected with strain T3D survived than those infected with strain T3D-1R202W. The survival frequency of mice infected with T3D was 25.9% compared with 63.6% for the mice infected with T3D-1R202W (P Ͻ 0.005). These results suggest that SA binding enhances reovirus virulence.
Following IM inoculation of newborn mice, serotype 3 reovirus causes acute flaccid paralysis (AFP) between 8 and 10 days postinoculation (21) . Infected mice exhibit ipsilateral, followed by contralateral, hind-limb paralysis as a consequence of injury within the anterior horn of the spinal cord associated with motor neuron loss and the spread of viral antigen (21) . We observed differences in the development of AFP in mice infected with the wild-type and the mutant viruses. On day 8 postinoculation, mice infected with the wild-type virus displayed hind-limb paralysis at a 5-fold greater frequency than those infected with the mutant virus (33% versus 6%, respectively) (Fig. 1B) . Furthermore, the percentage of mice infected with the wild-type virus exhibiting bilateral hind-limb paralysis was almost four times greater than that of mice infected with the mutant virus (11% versus 3%, respectively) (Fig. 1B) . These data are concordant with results gathered from the survival experiments and provide further evidence that SA binding enhances reovirus virulence.
To investigate whether enhanced virulence and AFP development in mice infected with the wild-type virus compared with the mutant virus correspond with more extensive reovirus infection and tissue damage in the spinal cord, we compared histologic sections of spinal cords resected from mice inoculated intramuscularly with 5 ϫ 10 6 PFU of either T3D or T3D-1R202W (Fig. 2) . Transverse sections of the inferior spinal cord were sectioned and processed for H&E staining, staining for reovirus antigen, or staining for the activated form of caspase-3, a marker of apoptosis. Following H&E staining, spinal cords of the mice infected with the wild-type virus displayed more widespread injury than that observed in mutant-infected mice, as indicated by increased apoptotic bodies, reactive endothelia, inflammatory infiltrates, and neurons with eosinophilic cytoplasmic inclusions. Immunohistochemistry for reovirus antigen showed correspondingly more abundant and intense staining in mice infected with the wild-type virus than in spinal cords from the mice infected with the mutant virus. Staining for the activated form of caspase-3 demonstrated more apoptotic neurons in the spinal cord tissues of mice infected with the wild-type virus in comparison to those from mutant-infected mice. Quantification of caspase-3-positive cells revealed that mice infected with the wild-type virus contained a significantly higher number of apoptotic cells in the spinal cord sections (P Ͻ 0.005) (Fig. 3) . These findings suggest that binding to SA leads to increased reovirus infection and apoptotic injury to motor neurons in the spinal cord.
SA binding influences reovirus replication at sites of secondary replication. To better understand how SA-binding capacity influences reovirus virulence, we inoculated 2-day-old mice intramuscularly with 5 ϫ 10 6 PFU of either T3D or T3D-1R202W and quantified viral titers in the hind limb, spinal cord, brain, and liver on days 2, 4, 8, and 10 postinoculation (Fig. 4) . In the hind-limb muscle, the titers of both viruses were comparable, except on day 4 when the mutant virus produced higher titers than the wild-type virus (P Ͻ 0.005). In the spinal cord and brain, the mutant virus produced significantly higher titers than the wild-type virus at day 4 (P Ͻ 0.05). However, on days 8 and 10, titers of the wild-type virus were significantly higher than those of the mutant (P Ͻ 0.05). Interestingly, titers in the liver of mice infected with the wild-type virus were significantly lower than those in mice infected with the mutant virus throughout the experimental time course of infection (P Ͻ 0.05 on day 2 and P Ͻ 0.005 on days 4 and 8).
To determine whether SA-binding capacity influences the kinetics of hematogenous spread, we again inoculated 2-day-old mice intramuscularly with 5 ϫ 10 6 PFU of either T3D or T3D-1R202W. In this experiment, we quantified viral titers in the heart and spleen (Fig. 5A) and monitored viral genome copies in the serum (Fig. 5B ). There were statistically significant differences in the titers produced by the wild-type and mutant viruses in the heart on day 4 postinoculation and in the spleen on days 4 and 10 postinoculation. On day 4 postinoculation, the wild-type virus produced a higher titer in the heart but a lower titer in the spleen than did the mutant virus. On day 10 postinoculation, the wildtype virus produced a higher titer than the mutant virus in the spleen. Although these differences are statistically significant, because of the modest magnitude of the differences, we do not think that they are biologically relevant. Furthermore, the number of viral genome copies detected in the serum of mice infected with either virus was comparable. Thus, SA-binding capacity enhances overall peak titers in the murine CNS. However, utilization of SA is not required for infection of the liver and does not appear to influence hematogenous dissemination in mice.
SA binding enhances reovirus neurovirulence and replication in the brain. Differences in titers produced by strains T3D and T3D-1R202W in the spinal cord and brain could result from more efficient spread of the wild-type virus from the muscle to the CNS, from enhanced replication of the wild-type virus in the CNS, or from both effects. To distinguish between these possibilities, we inoculated 3-day-old mice intracranially with 2 PFU of either the wild-type or the mutant virus. We monitored infected mice for survival and clinical signs of disease for 21 days and quantified viral loads in the brain at days 4, 8, and 12 following inoculation (Fig. 6) . We again observed that mice infected with the wild-type virus displayed a lower frequency of survival (33%) compared with those infected with the mutant virus (85%) (P Ͻ 0.001) (Fig. 6A) . In addition, the wildtype virus produced higher titers in the brain than did the mutant following IC inoculation (Fig. 6B) , and this difference reached statistical significance on day 8 postinoculation (P Ͻ 0.05). Taken together, these findings suggest that SA binding enhances reovirus virulence by augmenting viral replication in the CNS.
SA binding does not alter reovirus tropism in the brain. To test whether 1-SA interactions are required for neural tropism of the type 3 reovirus, we compared histologic sections of brains resected from mice inoculated intracranially with 100 PFU of either T3D or T3D-1R202W (Fig. 7) . Brains chosen for the histologic analysis were matched anatomically based on the sizes and shapes of landmarks such as the hippocampus as well as the display of comparable viral titers. The intensity of reovirus antigen staining, and the cellular distribution of reovirus antigen, was similar in brain sections from the mice infected with either T3D or T3D-1R202W. Characteristic reovirus tropism involving several areas the brain, including the cortex, the C2-C4 region of the hippocampus, and the thalamus, was apparent in mice infected with either virus (Fig. 7A) . In addition, involvement of the cerebellum, specifically infection of the Purkinje cells, was observed in brain sections of mice infected with either virus (Fig. 7B) . Staining for the activated form of caspase-3 demonstrated apoptotic foci in sections of brain tissue from the animals infected with either T3D or T3D-1R202W. However, the number of apoptotic cells did not appear to differ in these sections (data not shown), perhaps due to the inoculum dose used in this experiment. Therefore, the SA-binding capacity of type 3 reovirus does not influence targeting of reovirus to specific regions within the brain but, rather, appears to influence replication efficiency in brain tissue.
SA binding enhances infection of murine primary cortical neurons. Results gathered thus far reveal that SA binding enhances the capacity of reovirus to replicate in the brain following IM or IC inoculation. We hypothesized that this difference is attributable to enhanced infection and replication in neurons by SA-binding reovirus strains. To test this hypothesis, we quantified infection of primary cortical neuron cultures using an immunofluorescence assay (Fig. 8A and B) and compared the titers of strains T3D and T3D-1R202W following replication in primary cortical neuron cultures at 24, 48, and 72 h postinfection (Fig. 8C) . Primary cultures of mouse cortical neurons were established using cerebral cortices of C57/BL6 embryos at developmental day 15.5 and cultured for 7 days prior to infection (1). The wild-type virus infected a significantly higher percentage of cortical neurons (5%) than did the mutant virus (1%) (P Ͻ 0.0001) (Fig. 8B) . At 24 h postinfection, yields of the wild-type and mutant viruses were comparable (Fig. 8C) . However, by 48 and 72 h postinfection, the wild-type virus produced significantly higher yields than those produced by the mutant virus (P Ͻ 0.05) (Fig. 8C) . These findings suggest that the engagement of SA by reovirus enhances infection and replication efficiency in neurons.
To confirm the importance of SA binding for infectivity and replication of primary cultures of neurons, cells were treated with A. ureafaciens neuraminidase to remove cell surface SA. A. ureafaciens neuraminidase is a broad-spectrum enzyme that cleaves ␣(2,3)-, ␣(2,6)-, and ␣(2,8)-terminally linked SA present on glycan chains (41) . Neuraminidase treatment diminished the infectivity and replication of the wild-type virus to the levels observed for the mutant virus (Fig. 8A to C ). These findings demonstrate that both infectivity and replication in primary neuronal cultures by type 3 reovirus are enhanced by SA binding. Collectively, these results suggest that the capacity of reovirus to bind cell surface SA enhances the efficiency of infection of cells in the murine CNS.
DISCUSSION
In this study, we found that the capacity to bind cell surface SA enhances the neurovirulence of type 3 reovirus. Following either IM or IC inoculation of newborn mice, the wild-type strain T3D was more mediating the efficient infection of target cells in the CNS, resulting in increased replication and pathology. We found that wild-type T3D displays increased infectivity and replicative capacity in primary cultures of murine cortical neurons, a phenotype that is dependent on cell surface SA. Binding of type 3 reovirus strains to SA facilitates viral attachment through low-affinity adhesion that places the virus on the cell surface, where access to the higher-affinity but lower-abundance proteinaceous receptor is thermodynamically favored (3). This adhesion-strengthening mechanism may be the basis for the enhanced replication and neurovirulence of T3D. Although the proteinaceous receptor on neurons for type 3 reovirus is not known, our findings suggest that its optimal engagement likely requires initial low-affinity glycan binding to anchor the virus to the cell surface. We favor this scenario because neuraminidase treatment of primary murine cortical neurons decreases but does not abolish infection or replication (Fig. 8) , consistent with the existence of other host mediators of infection.
We previously identified residues in the type 3 1 molecule that are required for functional binding of reovirus to SA, i.e., binding that results in productive infection (31) . Using reverse genetics, we introduced structure-guided mutations in the type 3 1 molecule and characterized the resultant mutant viruses using assays to quantify SA-binding capacity. This analysis highlights the importance of Arg202 in the interaction of the type 3 1 molecule with SA. The Arg202 side chain forms a bidentate salt bridge with the carboxylate moiety of SA, which is an important electrostatic contact between the protein and its carbohydrate ligand. The replacement of Arg202 with a tryptophan in T3D-1R202W would remove the electrostatic interaction between the arginine and SA and introduce a structural clash with the glycan (Fig. 9) . It is therefore unlikely that the mutant can bind to SA, even in the improbable case that the overall structure of the binding site is not altered by the mutation. This model provides a structural framework for understanding the decreased virulence displayed by strain T3D-1R202W.
Following IM inoculation, the wild-type T3D strain produced lower titers in the livers of infected mice than did the non-SA binding T3D-1R202W strain (Fig. 4) . This is an interesting result, because previous studies from our laboratory revealed that SA binding confers tropism of reovirus for bile duct epithelia and reovirus-induced injury to the liver (5). The SA-binding strain used in that study, T3SAϩ, produces higher titers in liver tissue than its non-SA-binding counterpart, T3SAϪ, at early times after infection. However, SA-binding capacity is not strictly required for infection and replication in the liver, as strain T3SAϪ produces titers in the liver that approximate those of T3SAϩ at late times of infection (1, 5) . It is possible that the genetic backgrounds of the strains used by Barton et al. (5) (T1L) and here (T3D) account for the observed differences. Alternatively, it is possible that the routes of inoculation, peroral (5) versus IM (current study), influence hepatic tropism. We also noted that the mutant T3D-1R202W produced higher titers than the wild-type virus in the spinal cord and brain of infected mice on day 4 postinoculation. Since reovirus is delivered initially to the CNS by hematogenous routes (1, 6) , it is possible that bloodstream dissemination of the mutant virus is subtly enhanced in comparison to the wildtype virus, although if so, this difference was not sufficient to permit detection in our assays.
Data presented in this and another study (5) indicate that the capacity of type 3 reovirus to bind cell surface SA can target the virus to specific sites of replication and lead to enhanced replication and disease. These observations suggest that the SA-binding capacity confers a fitness advantage for reovirus. For example, it is possible that an SA-mediated replication enhancement leads to increased viral shedding and transmission of the virus from host to host. However, there are naturally circulating strains of reovirus that do not bind to SA (13) , suggesting that SA-binding capacity is a balanced polymorphism in nature that also imposes a fitness cost. For example, SA-binding capacity diminishes reovirus infection of polarized human airway epithelial cells (18) . Strain T3SAϩ does not efficiently infect these cells, whereas T3SAϪ does. Moreover, neuraminidase pretreatment to remove cell surface SA enhances T3SAϩ infection of these cells (18) . Determination of the precise contribution of SA binding to viral fitness will require competition studies using strains that vary solely in their SA-binding capacity and populations of susceptible mice.
For many viruses, including several important human pathogens, glycan engagement plays an important role in infection and pathogenesis. Here, we demonstrate that utilization of sialylated glycans as coreceptors enhances the neurovirulence of type 3 reovirus. This study broadens our understanding of the mechanisms of reovirus attachment to neuronal cells and supports the hypothesis that type 3 reovirus-glycan interactions are key determinants of reovirus virulence in the CNS. (31) . This bond is represented by a dashed red line, illustrating that it is likely lost when Arg202 is replaced with a tryptophan (modeled in yellow) in T3D-1R202W.
